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Abstract : The heavy fermion system in supercondurting state is described by the 1 lamilionian containing the conduction electron term, oil-sitc 
y-electron term besides the Kondo interaction and the Heisenberg interaction. The Hamiltonian is treated in mean-field approximation to find
Simultaneously the Kondo singlet term and anti ferromagnetic correlation. I'he Kondo singlet parameter A = /-electron correlation
parameter / ’ = ( (nearest neighbours) arc calculated by minimi/mg total energy of the system In addition to this, a BC'S type phonon
mediated Cooper pairing is considered to find the superconducting gap equation. In this communication, interplay of Kondo effect and superconducting 
gap of the heavy fermion system is studied through the self-consistent solution of these two parameters.
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1. I n t r o d u c t io n
The g ro u n d  s la te  o f  K o n d o  a to m  is  a n o n -m a g n e tic  
singlet s ta te  in  c a se  o f  a  s in g le  im p u rity  [ 1], w h ile  th e re  
is a s tro n g  c o m p e ti t io n  b e tw e e n  th e  K o n d o  e f fe c t  an d  the  
m agnetic o rd e r in g  in  th e  h e a v y  fe rm io n  c o m p o u n d s  [2 ]. 
T hus c e r iu m  ( C e )  K o n d o  c o m p o u n d s  a r e ;  a t  lo w  
tem pera tu res , e i th e r  n o n -m a g n e t ic  a s  in  c a se  o f  s in g le  
im purity  o r  m a g n e tic a lly  o rd e re d  [3 ,4 ]. T h e  w e ll k n o w n  
‘D oniach  d ia g ra m ’ g iv e s  a  q u a l i ta t iv e  d e s c r ip tio n  o f  th e  
com petition  b e tw e e n  th e  K o n d o  e f fe c t  a n d  th e  m a g n e tic  
ordering as  a  fu n c tio n  o f  th e  e x c h a n g e  in te g ra l (w ith  
h  < 0 ). K o n d o  te m p e ra tu re  in c re a se s  e x p e r im e n ta lly  
with w h ile  th e  re a l m a g n e t ic  o rd e r in g  te m p e ra tu re  Tn 
increases in itia lly  w ith  in c re a s in g  |y ^ |,  th e n  p a sse s  th ro u g h  
^ m ax im um  a n d  te n d s  to  z e ro  a t  a  c r it ic a l  v a lu e . S u ch  
behav iour o f  T s  h a s  b e e n  o b s e rv e d  e x p e r im e n ta lly  in  
^ c P d 2A l3, C eA h *  C e P d 2S i2 a n d  C e R b 2S i2 [5 ]. S u c h  a  
descrip tion  o f  D o n ia c h  a p p e a rs  to  b e  to o  s im p lif ie d  fo r  
the rea lly  o b s e rv e d  K o n d o  te m p e ra tu re  Tk  ^ Ig le s ia s  an d
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c o w o rk e rs  [6 ,7 ] h a v e  tak en  the  e ffec t o f  a n tife r ro m a g n e iic  
c o r re la tio n  in th e  n o n -m a g n e tic  p h a se . M o re o v e r  th e  
o c c u rre n c e  o f  sh o rt ra n g e  m a g n e tic  c o r re la t io n  h a s  b e e n  
o b se rv e d  e x p e r im e n ta lly  by  n e u tro n  d if f ra c tio n  e x p e r im e n t 
at lo w  te m p e ra tu re s  in C eC ue, C e R u 2S i2 [8 ,9 ]. I t h a s  
b een  fo u n d  th a t in c o m m e n s u ra te  a n d  an ti f e r ro m a g n e tic  
c o r re la tio n s  d e v e lo p  a t lo w  te m p e ra tu re s  b e lo w  ~ 
6 0  -  7 0  K  in C e R u 2S i2 [8 ,9 ] o r  T/v -  10 K  in  C e C u 6 | 8 ], 
w h ic h  a re  c le a r ly  la rg e r  th a n  K o n d o  te m p e ra tu re  T k -  14 
-  23 K  in C e R u 2S i2 o r  Tk '-S  K  in C eC ur,. R e c e n tly , 
R o u t et al h a v e  s tu d ie d  th e  s u p e rc o n d u c t in g  g a p  o f  
h e a v y  f e r m io n s  s u p e r c o n d u c t i v i ty  th r o u g h  p e r io d ic  
A n d e rse n  M o d e l w h e re in  K o n d o  s in g le t  is ta k e n  a s  a 
p a ra m e te r  on ly , b u t th e  C o u lo m b  c o r re la t io n  is  c o n s id e re d  
in H a rlre e -fo c k  ty p e  m e a n - f ie ld  a p p ro x im a tio n  [1 0 ].
In  th e  p re s e n t c o m m u n ic a tio n , w e  p ropo ,se  a  m o d e l 
fo r  h e a v y  fe rm io n  su p e rc o n d u c to rs  to  d e s c r ib e  th e  K o n d o  
c o r re la t io n s  o b s e rv e d  in  K o n d o  la t t ic e  s y s te m s .  T h e  
fo rm a lism  an d  th e  e x p re s s io n  fo r  sh o r t  ra n g e  m a g n e tic
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c o re la lio n  {F )  a n d  K o n d o  c o rre la tio n  (A) a rc  d e sc r ib e d  
in vSection 2. A  B C S  ty p e  m ean  fie ld  H a m ilto n ia n  is 
c o n s id e re d  fo r  the  su p e rc o n d u c tiv ity  in h e a v y  fe rm io n  
sy s te m s . T h e  m c a iv f ic ld  p a ra m e te rs  a rc  c a lc u la te d  in 
S e c tio n  3. F ina lly , th e  re su lts  a re  d is c u s se d  in S e c tio n  4.
2 . F o r m a l i s m
W e c o n s id e r  the  fo llo w in g  to  d is c r ib e  th e  K o n d o  la ttic e  
w ith  sh o rt-ra n g e  m a g n e tic  c o r re la tio n  in n o rm a l p h ase , as 
d e sc rib e d  by  Ig lc s ia s  et a l [6 ]
-fi,crfi ,cj  
k,o
(1)
w h e re  s- , S f  are , re sp e c tiv e ly , th e  a n n ih ila tio n
o p e ra to r  o f  c o n d u c tio n  e le c tro n s  fo r  w a v e  v e c to r  k  a n d  
sp in  a ,  th e  a n n ih ila tio n  o p e ra to r  o f  / - e le c t ro n s  a t s ite  i 
a n d  sp in  cr, th e  sp in  o p e ra to r  fo r  c o n d u c tio n  a n d  / -  
e le c tro n s . In  eq . (1 ), w e  ta k e  a z e ro  w id th  / - b a n d  Eq, a  
co n d u c tio n  b an d  o f  w id th  2 W  an d  a  con .stan t d e n s ity  o f  
s la te s . T h e  th ird  te rm  d e sc r ib e s  th e  H e ise n b e rg  in te ra c tio n  
b e tw e en  n e ig h o u rin g  / -m a g n e t ic  m o m e n ts . H e re  / /  >  0  
fo r  a  fe r ro m a g n e t ic  c o u p l in g  a n d  Ju  < 0  f o r  an  
a n tife rro m ag n e tic  co u p lin g . T h e  last te rm  is the  c o n d u c tio n  
an d  / -e le c t ro n  e x c h a n g e  te rm  a n d  (<  0 )  is K o n d o  
c o u p lin g . W e trea t th e  H a m ilto n ia n  in  eq . (1 )  in a  ‘m e a n - 
f ie ld ’ a p p ro x im a tio n  to  fin d  s im u lta n e o u s ly  th e  K o n d o  
e ffec t an d  th e  a n tife rro m a g n e tic  c o r re la t io n s . T h e  tw o
m ea n -fie ld  p a ra m e te rs  a re  (i) A =  <  /J^y > w h ic h  
d e s c r ib e s  th e  fo r m a tio n  o f  K o n d o  s in g le t  a n d  ( i i )
r  =  <  f j  ^  > (fo r  n e a re s t n e ig h b o u rs )  w h ich  a c c o u n ts
fo r  m a g n e tic  c o r re la tio n  b e tw e e n  n e ig h b o u rin g  lo c a lise d  
sp in s . W ith in  th e  m e a n -fie ld  a p p ro x im a tio n  H a m ilto n ia n  




w h e re  e / i )  = Eo + B  w ith  B  =  . IV =  h a l f
b a n d  w id th  a n d  V  =  w ith  th e  n e a re s t  n e ig h b o u r  s ite s
Z,.
T h e  m e a n  f i e l d  H a m i l t o n ia n  ^  d e s c r i b e s  th e  
su p e rc o n d u c tiv ity  in  th e  h e a v y  fe rm io n  s y s te m s  th rough  
th e  B C S  ty p e  C o o p e r  p a ir in g  m e c h a n ism .
(3 ;
w h e re  A  is th e  m o m e n tu m  in d e p e n d e n t su p e rc o n d u c tin g  
g a p  p a ra m e te r .
3 . C a lc u la t io n  o f  m e a n - f ie ld  p a r a m e t e r s
T h e  fo u r  c o u p le d  o n e -e le c tro n  G re e n 's  fu n c tio n s  arc 
d e f in e d  as
(4)
The.se G re e n 's  fu n c tio n s  a re  c a lc u la te d  by  e q u a tio n s  of 
m o tio n s  o f  Z u b a re v  te c h n iq u e  [11] a n d  th e  G reen 's
fu n c tio n s  G ^{k,(o) a n d  G 2{k,(0) a re  e x p re s s e d  in closed 
fo rm  as g iv e n  b e lo w  :
a > ) ( u  + e ^ ) - V ^ i( o  - e j ] .
G 2 ( * , r u ) =  — (A: )).2;r |D (ru ) |
w h e re
|D (a ))| =  ft>“ - 5 i a ) ^ + r ,
w ith
S y = E l + e }  ( / :)  +  2V ^
T , = £ * ^ € } a ) - 2 e * e , ( A : ) V 2 + V \







T h e  p o le s  o f  th e  G re e n 's  fu n c tin s  G i(fc ty ) a n d  Gi{k,o^) 
g iv e  fo u r  q u a s i-p a r t ic le  b a n d s  ±  w ;0 ' =  1. 2 ). T h e  quasi 
p a r tic le  b a n d s  a r e  g iv e n  b y
'  s , + J s f ^ i
0), =± ------ - (ID
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0)2 = ±
5 , - V 5 , ' - 4 r ,
(13)
w here Vo is th e  e f fe c tiv e  a t t ra c t iv e  in te ra c tio n  b e tw e e n  
the e le c tro n s . A lth o u g h  th e  H F S  a re  u n c o n v e n tio n a l 
su p e rco n d u c to rs , o n e  c a n  o b s e rv e  so m e  im p o rta n t fe a tu re s  
from the H a m ilto n ia n s  w ith  p a ir in g  w ith in  w e a k  c o u p lin g . 
DCS a p p ro a c h  fo r  w h ic h  th e  re la t io n  «  wu (D e b y e  
frequency ) m u s t h o ld . T h e  s u p e rc o n d u c t in g  g a p  is  fo u n d  
to be
A =
•'-Wo 2 | f U | - ( y 2 /
w here
ik) (  Bo), ) 
F ,(* ,7 ’) = - ‘-  f — t a n h K " '  . 
0),- 2
F 2(* .7 -) =





Here, £ *  is r e p la c e d  b y  /  N {0 )d ek , w ith  in te g ra tio n  lim it 
-wj> to  Wf), w h e re  N (0)  is  th e  d e n s i ty  o f  s ta te s  o f  the  
conduction  e le c tro n s  a t  th e  F e rm i le v e l a n d  g = M O ) Vo- 
T h u s  w i th in  th e  m e a n - f i e l d  a p p r o a c h ,  th e  tw o  
hybrid ized  q u a s i-p a r t ic le  b a n d s  a re  (0\ a n d  co ,^ a s  g iv e n  
in eq. ( H )  a n d  e q . (1 2 ) . T h e  to ta l e n e rg y  o f  th e  H F  
su p erco n d u c tin g  s y s te m  is
E  =  2 '^ [ c o j ( f i o ) i  ) - < y | / ( -  )
k
+ (02f { p 0)2 ) - 0)2f { - p C 02)] 
- z , y „ r 2 - 2 7 ^ A ^ - | 2 i | ,  (1 7 )
where th e  s u m m a tio n  is  m a d e  o v e r  a ll th e  ^ -s ta te s  an d  
ihe fiB(o) re p e re s n ts  th e  F e rm i-D ira c  d is tr ib u tio n  fu n c tio n
with B  - .  - i _ , T h e  te m p e ra tu re -d e p e n d e n t  m e a n -f ie ld  
k „T
p a ra m e te r  M.T) re p re sn tin g  th e  K o n d o  s in g le t  fo rm a tio n  
is d e te rm in e d  by  m in im iz in g  th e  to ta l e n e rg y  g iv e n  in  eq .
( 12)
The fo u r  q a u s i-p a r t ic le  b a n d s  a re  s tro n g ly  in flu e n c e d  by  
the m odel p a ra m e te r s  o f  s u b -a to m ic  s y s te m s  o f  th e  h ea v y  
fermion su p e rc o n d u c to rs .
T h e  m o m e n tu m  in d e p e n d e n t  s u p e r  c o n d u c tin g  g a p  A  
IS d e fin e d  as
(1 7 ) w ith  re sp e c t to  A{T) 
ex p re ss io n  fo r  M j )  as





w h e re
E ,(* .T ) ^
co{ -  V " +  € ^ e  f (A) 







E 4(A ,7’) =
- V '+ e ^ e y ^  (A)
lan h 0 (1)2
2  c o s h ‘ f (20)
()ES im ila rly , th e  m in im iz a tio n  o f  th e  to ta l e n e rg y  = 0
g iv es  the  e x p re ss io n  fo r  th e  /* c le c lro n  c o r re la t io n .
T o  s lu d y  th e  K o n d o  e f fe c t on  th e  s u p e rc o n d u c t in g  
gap , the  d iffe ren t m o d el p a ra m e te rs  a re  s e a le d  w ith  re sp e c t 
to  the  D e b y e  fre q u e n c y
z = A  , E^ o- - - - , d  = — , g i  =Wp Wp
_ Z , g 2F »
Wp P
= i l L
Wn“» S 2
= - -  , v  = g ^A .
Wp
4. Results and discussion
T h e  d if fe re n t p a ra m e te r s  d e s c r ib in g  th e  K o n d o  e f fe c t  a n d  
s u p e rc o n d u c tin g  (S C ) g a p  in  H F S  a re  th e  b a re  / - l e v e l  
p o s itio n  d , m a g n e tic  c o r re la t io n  c o u p lin g  p a r a m e te r  g2, 
K o n d o  c o u p lin g  p a ra m e te r  g u  e f fe c tiv e  h y b r id iz a tio n  
p a r a m e t e r  A  s u p e r  c o n d u c t i n g  g a p  p a r a m e t e r  z ,  
s u p e r c o n d u c t i n g  c o u p l i n g  c o n s t a n t  g  a n d  r e d u c e d
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te m p e ra tu re  /. T h e  a b o v e  p a ra m e te rs  in f lu e n c e  th e  S C  
g a p  p a ra m e te r  o f  H F S  a n d  e f fe c tiv e  h y b rid is a tio n  
p a ra m e te r  A. W e e v a lu a te  p a ra m e te r  z an d  A by  s e l f  
c o n s is te n t  m e th o d  an d  n e g le c t th e  e ffec t o f  m a g n e tic  
c o r re la tio n  in th is  c o m m u n ic a tio n . W e se t th e  F e rm i lev e l
=  0  u n d e r th e  h a lf - f il lin g  s itu a tio n .
B efo re  s tu d y in g  the in te rp la y  o f  th e  su p e rc o n d u c tiv ity  
an d  K o n d o  e ffec t, w e p lo t the  te m p e ra tu re  d e p e n d e n c e  o f  
the  su p e rco n d u c tin g  (S C ) g ap  c and  th e  K o n d o  s in g lc t(K S ) 
p a ra m e te r  A  a s  sh o w n  in F ig u re  1. T h e  S C  sh o w s  B C S
Figure 1. Individual plots of (a) A t for d  -  -0.00033, '^1 = ~2.10, c = 0 
and (b) c vi t for d  = -^ ).0(K)33. = 0.19(K) and A = 0.
te m p e ra tu re  d e p e n d e n c e  w ith  c ( /  =  0 ) -  0.011 a n d  th e  
S C  tra n s itio n  te m p e ra tu re  tc z  0 .0 0 6 0 . T h e  K S  p a ra m e te r  
A  in c re a se s  a s  th e  te m p e ra tu re  is re d u c e d , re a c h e s  a  
m a x im u m  a n d  d e c re a se s  to w a rd s  lo w e r  te m p e ra tu re s . T h e  
K o n d o  te m p e ra tu re  is tK -  0 .0 1 1. T h e  m a x im u m  o f  A  
o c c u rs  a t the  o n se t o f  s u p e rc o n d u c tiv ity  a n d  K o n d o  
s in g le t fo rm a tio n  is  re d u c e d  in s id e  th e  s u p e rc o n d u c tin g  
p h ase .
F o r  the  in te rp la y  o f  s u p e rc o n d u c tiv ity  a n d  K o n d o  
s in g le t fo rm a tio n , th e  te m p e ra tu re  d e p e n d e n c e  o f  th e  S C  
g a p  z  an d  K S  p a ra m e te r  A  is sh o w n  in  F ig u re  2 . T h e  S C  
g a p  2 (/ =  0 ) is su p re sse d  a sm a ll am o u n t, w h ile  th e  A  
(t  =  0 )  is su p re sse d  c o n s id e rab ly . M o re o v e r, the  m a x im u m  
o f  A  o c c u rs  a t th e  o n -se t  o f  su p e rc o n d u c tiv ity  a t tc a n d  
is  g ra d u a lly  s u p p re sse d  in th e  su p e rc o n d u c tiv ity  p h a se  
d u r in g  th e  in te rp lay . It is o b se rv e d  th a t th e  S C  tra n s itio n  
te m p e ra tu re  (tc z  0.(X)45) a n d  K o n d o  te m p e ra tu re  (tfc z  
0 .0 0 6 )  a r e  r e d u c e d  c o n s id e r a b le  c o m p a r e d  to  th e i r  
in d iv id u a l v a lu e s  (F ig u re  1), T h e  S C  c o u p lin g  p a ra m e tr  
(g  z  0 .1 9 0 )  a n d  K o n d o  c o u p lin g  p a ra m e te r  g l  -  - 2 .1 0  
s a t is fy  th e  e x p e r im e n ta l  s itu a tio n  l e .  tfc > tc fo r  th e  
h e a v y  fe rm io n  s y s te m s  : C eC u c  [8] a n d  C e R u 2S i2 [8 ,9 ].
Figure 2. Sdf-consistent plots of A vs. t and : vs. t for the same set of 
parameters d  -  -0.00033, gl = -2.10, g  = 0.1900 as shown in Figure I.
T h e  e f fe c t o f  th e  S C  c o u p lin g  g  o n  th e  S C  g a p  z and 
K S p a ra m e te r  A  is  sh o w n  in  F ig u re  3. T h e  S C  coup ling  
h a s  li tt le  e f fe c t o n  X  in  th e  S C  p h a se . H o w e v e r, it 
e n h a n c e s  X  in  n o rm a l p h a s e  fo r  te m p e ra tu re  t  > t,. and
Figure 3. Plots of (a) A v s l  and (b) z v s l  for the parameters d  * -0.00033, I 
= -2.10 and for different« = 0.1900,0.1915.
re su lts  th e  e n h a n c e m e n t o f  K o n d o  te m p e ra tu re  tg- The 
S C  g a p  z  is  e n h a n c e d  w ith  th e  in c re a s e  o f  the  SC 
c o u p lin g  a s  p re d ic te d  b y  B C S  th e ro y  f o r  te m p e ra tu re  t < 
tc, b u t th e  S C  tra n s it io n  te m p e ra tu re  tc is  su p re sse d  due
to  th e  in te rp la y .  I t  s o  h a p p e n s  b e c a u s e  { f l ,a h .o )  
a m p litu d e  is  e n h a n c e d  re s u lt in g  in  th e  b re a k in g  d o w n  o f
th e  S C  a m p li tu d e  transition
te m p e ra tu re  tc a n d  b e lo w .
T h e  e f fe c t  o f  K o n d o  c o u p lin g  g l  o n  th e  S C  g ap  i  
a n d  th e  p a ra m e te r  X  is  sh o w n  in  F ig u r e  4 . T h e  Kondo
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Figure 4. Plols of (a) A vs t and (b) z vs t for the parameieis d  -  ~0.0(K)33, 
0.19JO and for differcni ^1= -2.05, -2.(K).
coupling g l  d o e s  n o t c h a n g e  th e  K o n d o  te m p e ra tu re  
and p a ra m e tr  A  fo r  te m p e ra tu re  t > U, b u t su p re sse s  th e  
Kondo s in g le t fo rm a tio n  in  th e  S C  p h a se  fo r  t <  T h e  
K ondo c o u p lin g  g l  e n h a n c e s  b o th  th e  S C  g a p  th ro u g h  
out the  te m p e ra tu re  ra n g e s  a s  w e ll a s  th e  S C  tra n s itio n  
tem pera tu re .
T he  in f lu e n c e  o f  th e  p o s it io n  o f  fA c v c l  o n  S C  g ap  z 
and the p a ra m e te r  A  is sh o w n  in  F ig u re  5 . H e re  n e g a tiv e
figure 5. Plots of (a) A vs t and (b) z  vs t  for the parameters = 0.190, =
-2 00 and for different -0.00033, -0.00050.
d  m eans th e  / - l e v e l  l ie s  b e lo w  th e  F e rm i lev e l fro m  d  =  
“f).00033 to  =  - 0 .0 0 0 5 0 ,  th e  S C  tra n s it io n  te m p e ra tu re  
w ell a s  th e  K o n d o  te m p e r a tu re  t^  a re  u n a f fe c te d . 
H ow ever, th e  S C  g a p  z  a n d  K o n d o  s in g le t  fo rm a tio n s  a re  
enhanced a t  lo w e r  te m p e ra tu re ,  a s  th e  / - l e v e l  m o v e s  
down the F e rm i le v e l .  In  th is  m e a n - f ie ld  a p p ro a c h , th e  
*^rge v a r ia tio n  o f  / - l e v e l  p o s i t io n  d e s ta b i l iz e s  th e  c o ­
existence p h ase .
5 . C o n c lu s io n
T h e  K o n d o  la ttic e  m o d e l in c lu d in g  # n ea res t n e ig h b o u r  
m a g n e tic  e x c h a n g e  in te ra c tio n  is s tu d ie d  h e re  in  a  m e a n - 
fie ld  a p p ro x im a tio n  d e s c r ib in g  b o th  th e  K o n d o  s ta te  an d  
the  in te rs ite  m a g n e tic  c o r re la t io n . T lie  B C S  m e a n - f ie ld  
ap p ro x im a tio n  is c o n s id e re d  to  s tu d y  th e  su p e rc o n d u c tiv ity  
in H F S . T h e  S C  g a p  z a n d  K o n d o  s in g le t  p a ra m e te r  A 
a re  so lv e d  s e lf  c o n s is te n tly  a n d  th e  e f fe c t o f  th e  m o d e l 
p a ra m e te rs  o n  th em  is d is c u s se d . T h e  in te rp la y  o f  g a p  z 
an d  p a ra m e te r  A  le ad s  to  th e  su p p re ss io n  o f  th e  b o th  as  
w ell as the  an d  /^. T h e  S C  c o u p lin g  e n h a n c e s  th e  tf  ^
a n d  su p p re sse s  the  t^ s lig h tly  a n d  e n h a n c e s  th e  S C  g a p  
as  e x p e c te d  b y  B C S  th eo ry . T h e  K o n d o  c o u p lin g  g l  
e n h a n c e s  th e  S C  g a p  z as  w e ll a s  th e  S C  tra n s it io n  
te m p e ra tu re  f,., w h ile  k e e p in g  th e  K o n d o  te m p e ra tu re  Ik 
u n a ffec te d . T h e  e f fe c t o f  sh o r t ra n g e  m a g n e tic  c o r re la t io n  
is no t c o n s id e re d  h e re . I t  m ay  h a v e  a g re a t  b e a r in g  on  
th e  S C  g a p  an d  K o n d o  s in g le t fo rm a tio n  a n d  th e  c o ­
e x is te n c e  p h ase .
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